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Abstract

In this paper, we generalize the software reliability growth model by assuming that the testing cost
and maintenance cost are random and adopts the Bayesian approach to determine the optimal
software release time. Numerical examples are provided to illustrate the Bayesian method for certain

parametric models.

1. Introduction

As the computer system becomes more
complex and multiple-function oriented, the
developers of software systems are required to
produce more reliable software products to
prevent the computer systems from stopping its
operations during the mission period.

Since most of the computer system failures
are very often caused by the software system
failures, rather than by the hardware systems, it
is of great importance to apply the best
possible software development policy to
produce the most reliable software system.

To achieve such a goal, it is a general
practice for the software developers to carry
out the preliminary testing during a certain
length of time before the software system is
released for the operational use. During such a
testing phase, an effort is given to detect and

debug the faults latent in the software system
so that the possibility of software failures can
be reduced during the operational phase.
Although the number of faults detected and
debugged during the testing phase is
proportionally increased as the length of
software testing becomes longer, other factors
including the testing cost, delivery schedule
and the competition with other developers,
must be taken into account to determine the
optimal length of testing phase as well.
Therefore it is very important that we decide
the optimal length of software testing, which is
called optimal release time. These optimal
software release problems have been studied
by many researchers [3-4,8-10]. For example,
Pham [9] develops a cost model with an
imperfect debugging and random life cycle as
well as a penalty cost that is used to determine
the optimal release policies for a software
system and Kimura et al. [3] discuss several
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optimal release problems by using the
maintenance cost model and consider the
concept of present value into the cost factors
and warranty period in the operational phase

In this paper, we extend the Kimura et al. [3]
optimal software release problem by assuming
the testing cost and maintenance cost are
random. a

Although most of the optimal software
release problems have been discussed within
the non-Bayesian framework, there exist a few
Bayesian discussions in the literature [5-7].

In Section 2, we describe the software
reliability growth model based on a non-
homogeneous Poisson Process. The formula to
calculate the total expected software cost is
derived and the optimal software release time
i1s determined in Section 3. Numerical
examples are illustrated in Section 4.

2. Software reliability growth model

It is quite desirable that when the
debugging activity is performed to fix the
software faults detected, the faults are perfectly
eliminated from the software system and no
faults are newly introduced into the system and
thereby the software reliability improves. In
this paper, we discuss a software reliability
model based on an NHPP (Non-homogeneous
Poisson Process).

Let N() be the cumulative number of
faults detected up to time ¢ and let A(r)
denote the intensity function of an NHPP
which describes the software fault detection
phenomenon as follows. "

Pr{N(®) = n} :i"'_(ii’;"ﬁ& n=01,-,
n.

m(t)= EIN()]= [ h(r)dr,

where m(t) denotes the expected number of
faults detected during (0,7] which is called a
mean value function.

As for the intensity function of NHPP which
represents the fault detection rate per unit time,

we apply an exponential software reliability
growth model [1] based on the following
intensity function and discuss the optimal
software release time

ht)=afe™”, a>0, B£>0, )

where the parameters « and g are the expected
number of initial faults latent in the software
and the fault detection rate per fault,
respectively.

We investigate the optimal release policy
under the software reliability growth model
(SRGM) with intensity function A(t) of (1).

3. Bayesian method for SRGM

The following notations are adopted in this
paper.

C, initial testing cost which is the barest
minimum requirement

C, testing cost per unit time

C, maintenance cost per fault during the
warranty period

T software release time

T* optimal software release time
T warranty period

discount rate of the cost

3.1 The cost model

We discuss optimal software release
problems which consider both a testing cost
C, and maintenance cost C, that the
developer has to pay to fix any faults detected
during the warranty period. For the non-
Bayesian solution for the optimal software
release time, the testing and maintenance cost
are determined to exactly specific amount.
However, it is quite likely that these costs are
unknown in most of practical situations.
Actually, it is more realistic that we assume the
restrictive information such as the upper and
the lower level of these costs or the tendency of
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spending of these costs 1s given.

‘Therefore, we discuss the Bayesian optimal
software release policy in this paper. That is we
assume testing and maintenance cost are
random and the initial cost is assumed to be a
known constant.

Then, the total expected software cost C(T)
can be presented as: '

C(T)=C, +EC,) [ e7dt+EC, (@) @)

where C (T) is the maintenance cost during
the warranty period .

We can get the optimal software release time
T* by minimizing expected software cost in
equation (2).

3.2 Bayesian Optimal software release
policies

In this paper we assume that the length of
the warranty period is constant and discuss the
following two cases in term of the behavior of
the maintenance cost C, (7) during the
warranty period.

[Case 1] When the software reliability
growth is not assumed to occur after the testing
phase, E(C (T)) is givenby

E(C,M)=EC,) [ " hD)ed ()

Substituting (3) into (2), we have

C(T)=C, +E(C) f e dr
+T, 4
+EC T [T e @
Differentiating the equation (4) with respect to
T and set it equal to 0, we have the equation

W)= Pe) )

E(CHY(B+y)y)1-eT™)
where h(t)=afe™” is given as in (1).
Solving the equation (5) for 7, we obtain the
solution 7, as follows.

.l h{aﬂ EC)B+nIni-e )] ©)
7 E(C,)

Since A(T) is a decreasing function of T
for 720, there exists a finite unique solution
T, givenin (6) if

h(0) > E(C){EC)(B+¥)/y)1-eT ™)} .

Since C,(T) is a convex function with respect
to 7, it achieves the minimum at 7 = 1. 1If

h(0) < E(CHHE(CH(B+y)/ )1 -e"™)},

then C|(T) is a monotonically increasing
function of T . It is clear that C(T) is
minimized at 7=0and thus T° =0 in this
case.

Therefore, when the length of the warranty
period is constant and the software reliability
growth is not assumed to occur after the testing
phase, the optimal software release policy is
obtained as follows. If :

h(0) > E(C){E(C, B+ )/ 7)1 -e7 ™)},
the optimal release time is7° =7, . Otherwise,
T =0

[Case 2] When the software reliability
growth is assumed to occur after the testing
phase, E(C, (T)) in(3)is given by

E(C,(T)=EC)H[ "hoe™dt, ()

and the total expected software cost is rewritten
as

C,(T)=C, +EC,) [ e7'ar
+T,. 8
+E(C,) f " h(0)e ™ dt ®

Differentiating the equation (8) with respect
to T and set it equal to 0, we have the
equation
EC)
nTy= ! ,

( ) E(Cw)(l _ e*(ﬁ"‘}')fw )
Solving the equation (9) for T, we obtain the
solution 7, as follows.

®

T, =lln[aﬂE(Cw)(l—e“ﬂ”)z")] (10)
B E(C)
By using the same procedure as Case 1,
C,(T) achieves the minimumat 7~ =T, if
h(0) >E(C){E(C )1-e 7Ty .
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When  A(0) < E(C,)/{E(C )1—e #7T) |
C,(T) is a monotonically increasing function
of T.

Therefore, when the length of the warranty
period is constant and the software reliability
growth is assumed to occur after the testing
phase, the optimal software release policy is
obtained as follows.

If h(0)> E(C)/{E(C,)1-e Ty} the
optimal release time is 7~ =7, . Otherwise,
the optimal release time is 7" = 0.

3.3 Prior distribution

First, as a prior distribution for the testing
cost per unit time C,(T’), we assign a truncated
normal distribution, TN (y,,57,¢,d). The prior
distribution and the expectation for C, are
given by

1 famwornal)

fc, (C/) = \/2_71'0'6 I[c,d](cl)’
COREO

o, o,

¢(c-;uc)_¢(d_ﬂcJ

O-C O.C o_

¢[d_—ﬁj_¢(c—ﬂcJ C,
O—C O—C

where 4 >0, 0,>0 , c<¢, <d, ¢ is
the standard normal pdf and @is the standard
normal cdf.

For the prior distribution for C,, which is
maintenance cost per fault during the warranty
period, we define a discrete distribution by
using a discrete beta density on (c,,c,). It is
well known that the discrete beta distribution
allows for great flexibility in representing prior
uncertainty [2] and so we assume the
discretization of the beta density on (c,,c,)
as a prior for C, . The beta density defined as

_T@+b) (u-c,) ' (c, —u)*"
B =TT h) . (e —e,)"

,0€¢, susgcey,

E[C]=p +

where ¢, ,¢,, a, b>0.

The prior distribution for C, is given by
;+812
B=Pr(C,=c)=[" ‘g,

where ¢ =c, +8(2;-1)/2 and
6=(c,—c,)/m for j=12,--m.

4. Numerical Examples

In this section, we present several numerical
examples to illustrate the optimal software
release policies based on the Bayesian
approach, which is derived in Sections 3. We
investigate the sensitivity of testing cost and
warranty period affecting the optimal release
time and its corresponding expected software
maintenance cost.

We assume the parameters as follows and
consider several values of the warranty period,
T, =5,10,20,50,100 withm=20.

a=1000, £=0.05, ¢, =1000, y=0.001

The numerical results are summarized in Table
1 and Table 2 where the first entry shows the
optimal release time 7  and second entry
shows the corresponding total expected cost.
Figure 1 illustrates these results in Case 2
when 7, =5, C, ~TN(300,100%,250,500) and
C, ~ discrete Beta(a,b). Considering  this
situation with C_ ~discrete Beta(2,2) , we
have the optimal release time 7"°=20.6592.

From the Table 1 and 2, we can see the
following facts.

1) The impact of the warranty time 7 :

The optimal release time and total expected
cost also increase when the warranty period
gets longer. That is, we need to spend more
time to test the software in order to have a
longer warranty period.

2) The impact of the software reliability
growth after the testing phase warranty time:
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Comparing Table 1 and 2, it can be seen that 3) The impact of the prior distribution of the

the optimal release time of Case 2 is always testing cost per unit time:

shorter than that of Case 1. That is, the optimal

release time is shorter when the software Increasing the mean value of the testing cost
reliability growth is assumed to occur after the C, will result in a shorter optimal release time.
testing phase.

Table . Optimal release time (the first entry) and the total expected software cost  (the second entry)
with C, ~ TN(/[,,O‘,Z,250,500) » C,. ~ discrete Beta(a,b) when 50<c¢; <100 in Case |

G
Tw 2y _ 2 2y _ 2 25 _ 2
(/11 ’Gl ) - (300’50 ) (lut !O-/ ) - (300’100 ) (.ul ’Ur ) - (400’50 )
(a=2, b=2)

5 23.1156 13615.16 23.1051 13618.78 17.3837 15599.49
10 36.9286 17561.46 369181 17567.20 31.1967 20885.74
20 50.6918 21439.69 50.6813  21447.51 44,9599  26080.79
50 68.7194  26439.46 68.7088  26449.97 62.9874 32778.21

100 82.0886  30089.50 82.0780 30101.98 76.3566  37667.60
(a=2,b=3)

5 21.7358 13217.94 21.7252 13221.35 16.0038 15067.40
10 355488 17169.69 355382 17175.22 29.8168  20360.95
20 49.3120 21053.27 493014  21060.89 43.5800 25563.17
50 67.3395  26059.95 67.3290  26070.26 61.6076 32269.84

100 80.7087 29715.03 80.6982 29727.30 74.9768 3716598
(a=3,b=2)

5 24.4064 13986.24 24.3958 13990.05 - 18.6744  16096.57
10 382194 17927.45 38.2088 17933.38 32.4874 21375.99
20 51.9826 21800.67 51.9720 21808.69 46.2506 26564.35
50 70.0101  26793.99 69.9996 26804.70 64.2782 33253.12

100 83.3793  30439.33 83.3688 30451.99 77.6474  38136.21

Table 2. Optimal release time (the first entry) and the total expected software cost (the second entry)
with C, ~TN(y,,07,250,500) , C,, ~ discrete Beta(a,b) when 50 < ¢; <100 in Case 2

G
T, ( 2y _ (300.502 2y _ 2 2y 2
M50, ) - ( )5 ) (.ul 0, )— (300’100 ) (:Lll’o-l ) - (400’50 )
(a=2,b=2)

5 20.6697 12910.69 20.6592  12913.93 14.9378  14655.83
10 32.1448  16200.92 32,1343 16205.93 264129 19063.23
20 41.5511 18869.95 41.5405  18876.39 35.8191  22638.51
50 48.8694 20929.24 48.8589  20936.79 43.1375 25397.02

100 50.3731 21350.49 50.3626 21358.26 44.6412  25961.30
(a=2,b=3)

5 19.2899  12512.50 19.2794  12515.53 13.5579  14122.43
10 30.7650  15807.27 30.7544  15812.07 25.0330  18535.93
20 40.1712  18479.99 40.1607 18486.22 34.4393  22116.14
50 47.4896 20542.12 47.4791  20549.46 41.7577 24878.46

100 48.9933  20963.95 48.9827 20971.52 432613 25443.52
(a=3,b=2)

5 21.9605 13282.68 21.9500 13286.11 16.2286  15154.12
10 33,4356  16568.66 33.4250 16573.87 27.7036  19555.84
20 42,8418 19234.25 42.8313  19240.88 37.1099  23126.51
50 50.1602  21290.88 50.1497  21298.62 44.4283  25881.46

100 51.6639  21711.59 51.6533  21719.56 459319  26445.01
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Figure 1. Total expected software cost C,(T) with T, =5, C, ~TN(300,100?,250,500) in Case 2.
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